Introduction
Approximately 6.2% of adults aged 18 + in the United States are diagnosable with an alcohol use disorder or AUD (Substance Abuse and Mental Health Services Administration, 2015 ). An inherent characteristic of alcohol dependence is its comorbidity with disorders of affect such as depression and anxiety (e.g., Williams et al., 2012) . According to the self-medication hypothesis of addiction and dependence, these negative states likely contribute to continued alcohol use and relapse behaviors (Markou et al., 1998; Walker et al., 2012) . Unfortunately, manipulation of neurotransmitter systems traditionally associated with anti-depressant efficacy rarely reduces alcohol consumption in dependent individuals (for review, see Walker et al., 2012) . However, recent studies have found that alcohol dependence-and withdrawal-induced neuroadaptations within the endogenous dynorphin (DYN)/kappaopioid receptor (KOR) system show potential as a target to treat alcoholism.
Consistent with the Opponent-Process Theory of Motivation (Solomon and Corbit, 1974) , exposure to an acute dose of alcohol stimulates the release of β-endorphin that signals through the μ-opioid receptor (MOR) to produce reward, which is then followed by DYN release (Marinelli et al. 2003 (Marinelli et al. , 2006 Logrip et al., 2008) to mitigate the MOR-mediated deviation from a putative homeostatic mood set-point. Chronic alcohol-induced stimulation of the MOR receptor is incongruent with a tightly controlled homeostatic affective set-point in the brain. Given the oppositional nature of KOR's (the receptor for endogenous DYNs; Chavkin et al., 1982) compared to the effects of MOR activation (Mucha and Herz, 1985; Spanagel et al., 1992) , the DYN/ KOR system is well-situated to oppose the effects of chronic alcoholinduced perturbations in MOR signaling by alcohol. In addition to established MOR/KOR opposition, the endogenous opioid peptide nociceptin/orphanin FQ (N/OFQ) is putatively oppositional in nature to the DYN/KOR system and has been implicated in AUD-like phenotypes (Ciccocioppo et al., 1999; Economidou et al., 2008; Roberto et al., 2012; D'Addario et al., 2013; de Guglielmo et al., 2015; Aziz et al., 2016) . Nevertheless, in the absence of alcohol during withdrawal once alcohol dependent, DYN/KOR system dysregulation can contribute to profound deficits in behavioral regulation that include escalated alcohol self-administration, depressive-and/or anxiety-like symptoms and the potential for compromised executive function during acute withdrawal (Berger et al., 2013; Kissler et al., 2014; Walker and Kissler, 2013) . These and other factors are thought to be primary features that promote continued excessive alcohol consumption during acute withdrawal and protracted abstinence (Walker et al., 2012; Kissler and Walker, 2016) . DYN and KORs have been implicated in depressive and negative emotional phenotypes (Carlezon et al., 2006; Bruchas et al., 2007; Land et al., 2008; Berger et al., 2013) and have been shown to be up-regulated in the central nucleus of the amygdala (CeA) following chronic alcohol exposure (Kissler et al., 2014) . Human genetic studies have identified that Oprk1 and Pdyn are linked with alcohol dependence (e.g., Xuei et al., 2006; Edenberg et al., 2008) . Additionally, intragastric injections of alcohol in mature animals have been shown upregulate Pdyn mRNA expression in the amygdala (D'Addario et al., 2013) , although when rats are prenatally exposed to alcohol and KOR densities measured during their pre-adolescent phase, downregulation of KOR expression in limbic nuclei was observed (Nizhnikov et al., 2014) , although this dissociation putatively represents a developmental shift in KOR-mediated hedonics (Petrov et al., 2006) . Within the extended amygdala (i.e., CeA, nucleus accumbens shell (AcbSh) and bed nucleus of the stria terminalis (BNST); Alheid and Heimer 1988) , previous analyses revealed dense levels of KORs and Oprk1 mRNA expression in the BNST (Mansour et al. 1987 (Mansour et al. , 1988 . KORs in the BNST have been shown to disinhibit glutamatergic transmission (Li et al., 2012) which has been heavily implicated in symptoms of alcohol dependence (Spanagel, 2009 ). Furthermore, the BNST has a role in negative affective-like signaling (Kash and Winder, 2006) , opioid-withdrawal-induced place aversions, and somatic signs of opiate withdrawal (Aston-Jones et al., 1999) involving noradrenergic afferents from the locus coeruleus that can be modulated by KORs (Al-Hasani et al., 2013) , as well as stress-induced reinstatement of drug responding involving the CeA and BNST (Shaham et al., 2003; Shalev et al., 2002) that was recently shown to be contingent on KOR's in the BNST (Le et al., 2017) .
Given the BNST's role in stress and withdrawal-related behaviors, the presence of KORs in the BNST and confirmed dysregulation of DYN/ KORs by alcohol dependence in other extended amygdala nuclei (i.e., CeA and AcbSh; Nealey et al., 2011; Kissler et al., 2014; Kissler and Walker, 2016) , it is probable that DYN and/or KORs in the BNST are altered by alcohol dependence and contribute to maladaptive behavioral regulation. To test this hypothesis, male Wistar rats were trained to self-administer alcohol, or not, and then subjected to long-term intermittent alcohol vapor exposure to induce dependence (or air exposure), followed by the assessment of 1) alterations in Oprk1 and Pdyn mRNA expression in the BNST, 2) intra-BNST KOR antagonist effects on alcohol self-administration in non-dependent and alcohol-dependent rats, and 3) intra-BNST KOR antagonist effects on negative affectivelike behavior and physiological withdrawal symptoms during acute withdrawal in alcohol-dependent rats.
Materials and methods

Animals and operant conditioning
Male Wistar rats (N = 40) were group housed (2-3 per cage) in a temperature-controlled (21 ± 2°C) vivarium on a 12hr reverse light cycle with ad libitum food and water. Animal care adhered to the National Research Council's Guide for the Care and Use of Laboratory (National Research Council et al. 2011 ) with all procedures approved by the Washington State University Institutional Animal Care and Use Committee. In Experiment 1 (see 2.3), animals were either untrained or trained to self-administer a 10% alcohol (wt/vol) solution according to a fixed-ratio 1 (FR-1) schedule of reinforcement in an operant paradigm using a sweetener-fade method for 30 min per day Koob 2007, 2008; Walker et al., 2011; Nealey et al., 2011; Smith et al., 2011; Williams et al., 2012; Kissler et al., 2014; Kissler and Walker, 2016) . In Experiments 2 and 3 (see 2.5 and 2.5), all animals were trained to selfadminister alcohol. Standard operant chambers (Med Associates, St. Albans, Vermont) with custom drinking wells (Behavioral Pharma, La Jolla, CA) were utilized in which a lever press resulted in 0.1 mL of solution. For those animals trained to self-administer alcohol, once experimental cohorts of animals achieved stable levels of self-administration (< 10% deviation over three sessions), experiment-specific manipulations were conducted. In all cases involving animals that selfadministered alcohol, the groups of animals within each experiment were matched for alcohol consumption (either baseline or escalated depending on the experiment, see below) and therefore, within each experiment, there were no differences in the length of alcohol self-administration between groups. In all cases of self-administration, leverpresses were converted to g/kg alcohol to control for animal weight differences and used for statistical analyses (see 3).
Intermittent alcohol vapor exposure
Animals were exposed to air or intermittent 95% EtOH vapor (14 h on, 10 h off per day) which has been shown to induce alcohol dependence (O'Dell et al., 2004) as evidenced by dependence-like behavioral phenotypes such as escalated alcohol self-administration (O'Dell et al., 2004; Walker and Koob, 2007) and negative affective-like behaviors (e.g., Williams et al., 2012 ) when tested at a timepoint corresponding to 6-h into acute withdrawal for EtOH vapor-exposed animals (i.e., 6-h after the daily vapor exposure terminated). Blood ethanol concentrations (BECs) were measured twice weekly by collecting blood (50 μl) from the tail prior to termination of daily alcohol vapor exposure and analyzed using the Analox AM1 (Analox Instruments, Lunenberg, MA). Target BECs of 175-225 mg% were maintained throughout the experiments and confirmed prior to the daily termination of alcohol vapor exposure for brain extractions (see Experiment 1 description) or prior to every acute withdrawal self-administration test day and prior to brain extractions (see Experiment 2 and 3 descriptions). The 6-h acute withdrawal timepoint used during each of the repeated acute withdrawal tests for self-administering animals was first adopted (Walker and Koob, 2007) because the BECs of alcohol-dependent rats maintained at ∼225 mg% to zero within 6-h (Gilpin et al., 2009) and therefore, the 6-h timepoint avoids a potential confound of alcohol presence at the time of brain extractions or acute withdrawal behavioral testing. It is important to note that within the current intermittent vapor exposure paradigm, once the initial alcohol vapor exposure period to induce alcohol dependence was completed, following each behavioral test that occurred during acute withdrawal, the animals were returned to the vapor chambers. Consequently, each subsequent behavioral test occurred under identical conditions of acute withdrawal. Furthermore, the repeated withdrawal aspect of the paradigm during dependence induction and subsequent behavioral testing is a benefit of the current approach that increases the face and construct validity of the model (O'Dell et al., 2004) . In our previous investigations (e.g., Kissler et al., 2014; Kissler and Walker, 2016 ) the total time required for vapor-induced dependence induction and progression through the acute withdrawal self-administration re-stabilization, sham infusion stabilization, and aCSF stabilization phases prior to pharmacological testing required ∼3-4 months to complete. Based on this fact, we selected a 4-month exposure duration for the current experiments.
Experiment 1
Both untrained animals (matched for weight) and animals trained to self-administer alcohol (matched for baseline alcohol self-administration and weight) were subjected to a total of 4-mos intermittent alcohol vapor or air exposure (see Fig. 1 ). Therefore, a 2 × 2 experimental design was utilized with exposure (air or vapor) and self-administration experience (untrained or trained) as the between-group factors. Following the exposure period, the untrained animals (n = 4/grp) were decapitated at a time-point equivalent to 6-h into withdrawal for later genetic analysis of Oprk1 and Pdyn mRNA expression in the BNST. Prior to brain extractions, those animals trained to self-administer alcohol (n = 4/grp) were statistically confirmed for air-vs vapor exposure-induced escalation of alcohol self-administration. Operant sessions occurred twice weekly 6-h into withdrawal (see 2.2). Forty-eight hours following confirmation of escalation, at a time-point equivalent to 6-h of withdrawal, the SA animals were decapitated for later analysis of BNST Oprk1 and Pdyn mRNA expression. The 48-h extraction timepoint was selected to prevent the possibility of any confounding acute 'hangover' effects following the animals last escalation-confirmation self-administration session. The total air-or vapor-exposure duration of Experiment 1 (i.e., 4-mos) paralleled the duration of exposure in the site-specific studies of Experiments 2 and 3.
2.3.1. Post-mortem rat brain samples for RNA extraction
At timepoint corresponding to 6-h into withdrawal for the alcohol vapor-exposed animals, air-and alcohol vapor-exposed animals were decapitated and had their brains extracted and snap-frozen, and micropunches (1.0 mm diameter) of the BNST were placed in 50 μl RNAlater in 4°C for 24 h, and then stored in −80°C freezer until RNA extraction occurred. RNA extraction followed the Purelink RNA (Life Technologies, Carlsbad, CA) extraction protocol. BNST micropunches were homogenized in lysis buffer for isolation of total RNA according to the manufacturer directions. RNA quantity and quality were measured using the NanoDrop (ThermoFisher Scientific, Waltham, MA) and total RNA fragment analysis (Advanced Analytical Technologies, Ankeny, IA), respectively. Only samples with RNA quality number (RQN) > 8.0 were used for RT-qPCR.
RT-qPCR
Gapdh, Oprk1 and Pdyn mRNA primers (see Table 1 ) were taken from Vats et al., (2008) and D'Addario et al., 2013, or designed using Primer3 (Untergasser et al., 2012) . Specificity of primers was confirmed using NCBI BLAST (Altschul et al., 1990) . To evaluate primers, amplification efficiency was examined at five different concentrations in triplicate, as well as melt curves conducted to confirm a lack of primerdimerization (see Fig. S1 for amplification and melt curves in addition to efficiency and R 2 values for the primers). Total RNA was transcribed into cDNA using the Maxima First Strand cDNA Synthesis Kit (ThermoFisher Scientific, Waltham, MA). To provide precise quantification of initial target in each PCR, the amplification plot was examined, and the point of early log phase of product accumulation was defined by assigning a fluorescence threshold above background defined as the target gene value compared to endogenous control GAPDH (ΔCT). Differences in threshold cycle number were used to quantify the relative amount of PCR target contained within each sample. Relative expression of different gene transcripts was calculated from the relative ratio of ΔCT value of the target gene for the vapor exposed group to the airexposed group (ΔΔCT method) and converted to relative expression ratio 2ˆΔΔCT for statistical analysis. 
Experiment 2
Rats (N = 12) were trained to self-administer alcohol and once stability of responding was established (see 2.1), were bilaterally cannulated and provided a 1-wk period of recovery before receiving an initial 2-mos of intermittent alcohol vapor or air exposure (see 2.2). Following the air or vapor exposure period, animals were re-baselined for alcohol self-administration twice-weekly at a timepoint corresponding to 6-h into withdrawal for the vapor-exposed animals, and once stable responding was established (< 10% deviation over three sessions), transitioned to testing under sham and aCSF infusion conditions until stability of alcohol self-administration was again achieved under each infusion condition (< 10% deviation over two sessions) prior to their final pharmacological manipulation (see Fig. 2 ). The KOR antagonist nor-binaltorphimine (nor-BNI) was bilaterally infused into the dorsolateral BNST prior to self-administration sessions for air-(n = 6) and vapor-exposed (n = 6) animals. Following a 5-min wait period, animals were allowed to self-administer alcohol for 30-min. Therefore, the experiment utilized a mixed-model 2 × 2 design with exposure (air or vapor) as the between-group variable and treatment (aCSF or nor-BNI) as the within-subject variable. The total time of vapor-exposure prior to pharmacological challenges was ∼4-mos to maintain exposure duration consistency with Experiment 1. Animals were subsequently decapitated, and histology was conducted to confirm cannula placement.
Surgical procedures
Animals were anesthetized with isoflurane gas and bilaterally implanted with guide cannulae targeting the dorsolateral BNST; AP: −0.35, ML: ± 5.0 DV: −3.5, 29°from vertical (Paxinos and Watson, 2007) . Guide cannulae were secured to four stainless steel machine screws (0/80 × 1/8; Fastenal, Moscow, ID) imbedded in the skull using dental acrylic and sealed with obturators. All animals received postoperative care for 5-d consisting of Baytril (antibiotic), flunixin (analgesic), and 0.9% sterile saline to prevent dehydration.
Intra-BNST KOR antagonism and alcohol self-administration
Following confirmation of stability under sham and aCSF (pH 7.2-7.4 composed of 145 mM NaCl, 2.8 mM KCl, 1.2 mM MgCl2, 1.2 mM CaCl2, 5.4 mM D-Glucose, and 0.25 mM ascorbic acid; Nealey et al., 2011) infusions using 28-gauge internal cannulae (Plastics One; Roanoke, VA), a single dose of the KOR antagonist nor-BNI (4 μg/side for a total bilateral dose of 8 μg that was based on our previous dosing strategies; Nealey et al., 2011 , Kissler et al., 2014 , Kissler and Walker, 2016 ; Tocris Bioscience, Minneapolis, MN) 5-min prior to alcohol selfadministration sessions occurring at a timepoint corresponding to acute withdrawal for the vapor-exposed animals. All infusions were 0.5 μl per side over 2 min with the internal cannula left in place for 1 min to allow for diffusion of the solution. Following the completion of the experiment, all animals received a 0.5 μl cresyl violet infusion into the dorsolateral BNST, had their brains extracted, sliced, and mounted on slides to confirm BNST placement.
Experiment 3
Based on the results of Experiments 1 and 2, animals trained to selfadminister alcohol (N = 12) and displaying stable alcohol self-administration (< 10% deviation over three sessions) were implanted with intra-BNST cannulae (see 2.41) and then subjected to chronic intermittent alcohol vapor exposure (see 2.2) for 3.5-mos followed by confirmation of acute withdrawal-induced escalated alcohol self-administration (see Fig. 3 ) by statistically comparing the animal's pre-exposure baseline responding to acute withdrawal responding. Following confirmation of escalated alcohol self-administration, the animals were split into two groups (matched for escalated alcohol self-administration levels and weight) and 48-h later assessed (see 2.2) for physiological withdrawal signs and elevated plus-maze (EPM) performance (Test 1) following aCSF (n = 6) or nor-BNI (n = 6) infusions (as described in 2.3.2) that occurred 6-8 h into acute withdrawal. Forty-eight hours following Test 1, physiological withdrawal symptoms and the number of air-puffs to induce 22-kHz USVs, as well as the number and duration of 22-kHZ USV's emitted were measured 6-8 h into acute withdrawal (Test 2). Therefore, a between-groups experimental design was used with aCSF and nor-BNI treatment as the between-groups variable. This repeated testing protocol (i.e., Test 2 occurring 48-h after Test 1) is viable due to nor-BNI's long-term duration of action that we have previously shown lasts at least one month following a single injection in the CeA (Kissler and Walker, 2016) . The total time of vapor-exposure prior to pharmacological challenges was ∼4-mos to maintain a consistent alcohol vapor exposure duration with Experiment 1 and 2, as well as maintain consistency with our previous investigations (see 2.2). Animals were subsequently decapitated, and histology was conducted to confirm cannulae placement (see 2.42).
Physiological withdrawal, elevated plus-maze, and 22-kHz ultrasonic vocalizations
Physiological withdrawal signs indicative of alcohol dependence were assessed 6-8 h into acute withdrawal (see 2.2). Four behaviors were assessed over 3 min and each given a ranking of 0-2; hyperirritability upon touch, presence of the ventromedial distal flexion response, tail stiffness/rigidity, and abnormal posture or gait for a total score that ranged from 0 to 8. Anxiety-like behavior was assessed using an EPM apparatus, as described previously (Williams et al., 2012) , 6-8 h into withdrawal. The maze consists of a raised Plexiglas platform (50 cm high) with two open arms and two closed arms of equal length (47 cm × 10 cm each) and a 10 × 10 cm center platform. The floors of the EPM were black, but the Plexiglas walls of the closed arms were clear (40 cm high). Illumination in all arms was ∼20 lux. Each animal tested in the EPM was placed in the center platform in an identical position and allowed to explore the maze for 5 min and recorded by video and performance assessed using AnyMaze video tracking software (Stoelting Co; Wood Dale, IL) to score the amount of time spent in the open arm, closed arm, and center platform, as well as open-and closed- Fig. 2. Experiment 2 Timeline. Rats trained to self-administer alcohol had a total exposure duration of four months that included the final pharmacological test session. aCSF = artificial cerebrospinal fluid; BNST = bed nucleus of the stria terminalis; nor-BNI = nor-binaltorphimine; SA = self-administration; WD = withdrawal.
arm entries and distance (cm) traveled. Percent time spent in the open arms was calculated and utilized as a measure of anxiety-like behavior in the EPM. The maze was cleaned with Quatricide ® and dried between each animal. In addition, 22-kHz ultrasonic vocalizations (USVs) indicative of negative affect-like behavior were recorded by a microphone fixed above the animals' head and assessed in a quiet room with dim lighting by administering repeated 60psi air-puffs to the nape of the animal's neck (Knapp and Pohorecky, 1995; Knapp et al., 1998; Williams et al., 2012) until vocalizations are produced. The number of air-puffs required to induce a 22-kHz USV, number of 22-kHz USV vocalizations, and duration of 22-kHz USV vocalizations were recorded. The sequence of behavioral tests was not counterbalanced, but instead selected to minimize potential test stress that could be an experimental confound. In general, there are multiple previous examples in the literature of repeated aversive stimuli recruiting the KOR system and given the nature of the 22-kHZ USV protocol we utilized, USV testing could be a confound for subsequent EPM testing.
Statistics
To determine group sizes for the various experiments, a priori power analyses for sample sizes were conducted (with α = 0.05 and β = 0.2) using effect sizes determined by previous molecular and site-specific behavioral characterizations (i.e., from Walker et al., 2011 , Berger et al., 2013 Kissler et al., 2014 and Walker, 2016) . Experiment 1: Alcohol self-administration: In animals with a history of selfadministration, independent-sample t-tests were used to assess changes in alcohol self-administration induced by air-exposure or EtOH vaporexposure during acute withdrawal. Oprk1 and Pdyn mRNA expression: A between-groups 2 × 2 analysis of variance (ANOVA) was conducted on Oprk1 and Pdyn mRNA expression in animals with and without a history of alcohol self-administration that were air-or vapor-exposed. If a main effect or interaction was found, post-hoc univariate ANOVAs were conducted to identify differences between air-and vapor-exposed animals. Experiment 2: Baseline alcohol consumption: A univariate ANOVA was used to compare baseline alcohol self-administration between the air-and vapor-exposed groups. Baseline, aCSF-and nor-BNI treatment and alcohol self-administration: A 2 × 3 mixed-model ANOVA was used to compare animals exposed to air or vapor for baseline, aCSF-treated and nor-BNI-treated alcohol self-administration sessions. The betweengroups variable was exposure (air or vapor) and the within-subject variable was session (baseline, aCSF, and nor-BNI). If main effects or interactions were found, post-hoc repeated-measures ANOVAs were utilized to identify differences between baseline and aCSF-treated alcohol consumption and between aCSF and nor-BNI in the different exposure conditions. Experiment 3: Alcohol self-administration: A pairedsample t-test was used to assess changes in alcohol self-administration for baseline and following vapor-exposure during acute withdrawal. Test 1 -Physiological withdrawal and EPM: Independent univariate ANOVAs were used to compare physiological withdrawal scores, percent open arm time, open-arm entries, closed-arm entries and distance traveled in vapor exposed animals following either aCSF or nor-BNI infusions. Test 2 -Physiological withdrawal and 22-kHz USVs: Independent univariate ANOVAs were used to compare physiological withdrawal scores, number of air-puffs required to elicit a 22-kHz USV, number of 22-kHz USVs and the duration of 22-kHZ USVs.
Results
Experiment 1: Oprk1 and Pdyn mRNA expression
Alcohol self-administration: In animals trained to self-administer alcohol and exposed to 4-mos air or alcohol vapor, acute withdrawalinduced escalation was confirmed (t (6) = −5.989, p < 0.001 when comparing air-and vapor-exposed alcohol self-administration) for the vapor-exposed group. Oprk1 and Pdyn mRNA expression: The 2 × 2 ANOVA identified main effects of Exposure (F (1, 12) = 7.934, p < 0.05) and Condition (F (1, 12) = 12.813, p < 0.01) and an Exposure × Condition interaction (F (1, 12) = 12.813, p < 0.01) for Oprk1 mRNA expression, but no differences in Pdyn mRNA expression were observed (see Fig. 4 ). Post-hoc comparisons indicated that the Oprk1 mRNA expression was specifically increased in the vapor-exposed alcohol self-administering animals when compared to air-exposed alcohol self-administering controls (F (1, 6) = 13.036, p ≤ 0.01). Fig. 3 . Experiment 3 Timeline. Rats trained to self-administer alcohol had a total vapor exposure duration of four months that included the EPM and USV test sessions. aCSF = artificial cerebrospinal fluid; BNST = bed nucleus of the stria terminalis; EPM = elevated plus-maze; nor-BNI = nor-binaltorphimine; SA = selfadministration; USV = 22-kHZ ultrasonic vocalizations; WD = withdrawal. Fig. 4 . Oprk1 and Pdyn mRNA expression in the BNST following air or vapor exposure in rats with or without a history of alcohol self-administration. Top Panel: Mean (+S.E.M.) Oprk1 mRNA expression in the BNST is increased during acute withdrawal following vapor exposure exclusively in alcohol self-administering animals (n = 4/grp; * = p ≤ 0.01 when compared to air-exposed SA rats. Bottom Panel: Mean (+S.E.M.) Pdyn mRNA expression in the BNST was unchanged during acute withdrawal following vapor exposure. SA = self-administering.
BNST histology
Only those animals having verified injection sites in the BNST were included in the statistical analyses for Experiments 2 & 3 (see Fig. 5 ). One animal was removed due to cannula placement outside the dorsolateral BNST and another animal was viewed having abnormal tissue necrosis around the cannula. The animals removed due to histology were not included in the data analysis for Experiments 2 or 3.
Experiment 2: site-specific KOR antagonism and alcohol selfadministration
Baseline alcohol consumption: A univariate ANOVA indicated that there were no differences in baseline alcohol self-administration between the air-and vapor-exposed groups. Baseline, aCSF-and nor-BNI treatment and alcohol self-administration: The mixed-model ANOVA identified a main effect of Session (F (2, 18) = 4.765, p < 0.05) and an Exposure × Session interaction (F (2, 18) = 4.713, p < 0.05) which indicates that the different exposure conditions responded differently across the three sessions (see Fig. 6 ). Post-hoc comparisons confirmed that vapor-exposed group showed escalated alcohol self-administration following aCSF treatment compared to baseline (F (1, 4) = 18.285, p ≤ 0.01) and that nor-BNI significantly attenuated alcohol self-administration compared to the escalated aCSF treatment condition in vapor-exposed animals (F (1, 4) = 35.374, p < 0.01).
Experiment 3: BNST KOR antagonism and physiological withdrawal, EPM performance and 22-kHz USVs
Escalation of alcohol consumption: A paired sample t-test indicated that intermittent alcohol vapor exposure resulted in significantly escalated alcohol consumption following chronic intermittent vapor exposure when compared to pre-vapor baseline (t (10) = −2.87 p < 0.05 when comparing pre-and post-vapor alcohol (g/kg) self- Test Day 2 -Physiological withdrawal and 22-kHz USVs: Independent univariate ANOVAs indicated that there were main effects for the number of air-puffs to elicit a 22-kHz USV (F (1, 9) = 19.301, p < 0.01), as well as for number (F (1, 9) = 5.474, p < 0.05) and duration (F (1, 9) = 5.080, p ≤ 0.05) of 22-kHz USVs. Lastly, there was trend towards a reduction in physiological withdrawal scores (F (1, 9) = 4.072, p = 0.074; see Fig. 8 ).
Discussion
The present results establish that in male Wistar rats demonstrating escalated alcohol self-administration during acute withdrawal following chronic intermittent alcohol vapor exposure, but not in animals without a self-administration history, Oprk1 mRNA expression is significantly upregulated in the BNST. Previous studies have found that the Oprk1 gene is associated with the risk for alcohol dependence in humans (Xuei et al., 2006; Edenberg et al., 2008) . Differences in Oprk1 mRNA expression could lead to alterations in KOR density and activity. Consistent with upregulated Oprk1 expression contributing to maladaptive behavioral regulation (e.g., escalated alcohol self-administration) Oprk1 knockout (KO) mice show reduced alcohol intake (Kovacs et al., 2005) . In humans, the Pdyn gene has been associated with the risk for alcohol dependence (Xuei et al., 2006; Karpyak et al., 2013) and the propensity to drink during negative emotional states (Karpyak et al., 2013) , as well as shown alterations in regions of the prefrontal cortex in post-mortem alcoholic brains when compared to non-alcoholic brains (Bazov et al., 2018) . In the amygdala, an upregulation in Pdyn expression has been observed following short-term repeated intragastric alcohol administration in rats (D'Addario et al., 2013) , however such changes appear to be transient. Although we have previously observed alterations in DYN A-like peptide expression, as well as increased KOR function in other regions of the extended amygdala (i.e, the CeA) in alcohol-dependent rats (Kissler et al., 2014) , we did not observe consistent changes in BNST Pdyn expression levels during acute withdrawal in alcohol vapor-exposed animals in the present experiment.
An interesting caveat of Experiment 1 was the observation that only self-administering animals that were alcohol dependent showed increased Oprk1 mRNA expression during acute withdrawal. The behavioral and neurobiological ramifications of experimenter-delivered and self-administered drugs of abuse have been investigated previously (e.g., Dworkin et al., 1995; Mark et al., 1999; Stefanski et al., 1999; Robinson et al., 2002 ) using standard operant procedures and shown distinct differences in their effects. Further investigations into the appetitive and consummatory aspects of alcohol consumption have identified the importance of an appetitive, but not consummatory, component in alcohol self-administration (Walker and Ehlers, 2009 ) that is consistent with the current results showing that Oprk1 mRNA is increased during acute withdrawal only in animals with a history of both alcohol self-administration and chronic intermittent alcohol vapor exposure. Given that we did not observe altered Oprk1 mRNA expression in air-exposed animals with a history of self-administration or in animals without a history of alcohol self-administration that were vapor-exposed, the collective evidence from Experiment 1 suggests that the ideal approach to investigate dysregulation of DYN/KOR systems in alcohol dependence is with the inclusion of a self-administration component.
KORs have been shown to pre-and post-synaptically modulate multiple neurotransmitter systems that include DA, GABA, glutamate and serotonin, (Werling et al., 1988; Thompson et al., 2000; Hjelmstad and Fields, 2003; Margolis et al. 2003 Margolis et al. , 2006 Grilli et al., 2009; Land et al., 2009; Kang-Park et al., 2013; Kallupi et al., 2013; Tejeda et al. 2013 Tejeda et al. , 2015 Gilpin et al., 2014; Karkhanis et al., 2016a; Siciliano et al., 2016) , however, other than mesocortical DA originating from the ventral tegmental area (Margolis et al. 2003 (Margolis et al. , 2006 , KOR actions are typically presynaptic in nature. While KORs have been shown to presynaptically inhibit GABA transmission and glutamatergic transmission in the BNST from projections originating in the CeA and BLA, respectively (Li et al., 2012; Crowley et al., 2016) , it is unclear whether KORs Fig. 6 . Site-specific pharmacological validation of KOR dysregulation in the dorsolateral BNST during acute withdrawal in alcohol-dependence. Mean (+S.E.M.) alcohol consumption (g/kg) during baseline, aCSF-treated or nor-BNI treatment in air-or EtOH vapor-exposed animals. During acute withdrawal, vapor-exposed animals displayed escalated alcohol self-administration under conditions of intra-dorsolateral BNST aCSF infusions (* = p < 0.05 when compared to air-exposed aCSF-treated group; δ = p < 0.05 when compared to vapor-exposed baseline). The KOR antagonist nor-BNI (8.0 μg; n = 5) attenuated vapor-induced escalation (** = p < 0.01), an effect not observed in air-exposed animals (n = 6). also modulate local GABAergic interneurons in the BNST. Therefore, it is currently unknown whether the increased Oprk1 mRNA expression observed in the present study translates into local BNST effects or whether the increased expression occurs in BNST projection neurons.
Given that Oprk1 mRNA expression was upregulated in the BNST during acute withdrawal exclusively in alcohol self-administering animals, a second objective of this study was to determine whether KORmediated dysregulation of BNST function contributes to escalated alcohol self-administration in alcohol-dependent rats during acute withdrawal. Compared to aCSF control infusions, site-specific pharmacological infusions of nor-BNI in the BNST of alcohol-dependent rats attenuated escalated self-administration during acute withdrawal. In non-dependent air-exposed animals that self-administered alcohol, there was no change in alcohol drinking behavior between baseline and post-exposure intra-BNST aCSF or nor-BNI infusions. These results are consistent with previous data showing increased KOR function in the CeA contributes to escalated alcohol self-administration during acute withdrawal that can be blocked by nor-BNI (Kissler et al., 2014) an effect also observed in the AcbSh that was also specific to those animals that were alcohol-dependent. Conversely, the N/OFQ receptor (NOP) shows reduced function in the CeA of Marchigian Sardinian alcohol-preferring (msP) rats (Economidou et al., 2008) and NOP agonists can suppress escalated alcohol consumption in alcohol-preferring and alcohol-dependent rats (e.g., Economidou et al., 2008; de Guglielmo et al., 2015) , although such an effect was only observed in the CeA, but not the BNST, of msP rats (Economidou et al., 2008) . However, given that NOP antagonists are also implicated as a potential therapeutic to treat AUDs (e.g., Rorick-Kehn et al., 2016; Post et al., 2016) , the precise role of the N/OFQ in AUDs remains to be clarified. The present results are also supported by KOR system activation using the KOR agonist U50,488 or cues associated with U50,488 that can induce increased alcohol consumption in non-dependent animals (Anderson et al., 2016; Berger et al., 2013) , as well as other manipulations that can increase KOR function, such as isolate-housing during adolescence, that also serve to increase alcohol consumption (Karkhanis et al., 2016b; Rose et al., 2016) . In contrast to the present results is the interesting finding that in pre-adolescent rats (PND 14) subjected to low prenatal alcohol exposure, there was decreased KOR expression within extended amygdala circuitry (i.e., amygdala and NAc) and the HPC (Nizhnikov et al., 2014) that was accompanied by the demonstration that a KOR agonist could produce preferences whereas a MOR agonist could not. Generally, in adult animals, KOR agonists produce place aversions, whereas MOR agonists produce place preferences (e.g., Shippenberg and Herz, 1986) . This apparent discrepancy is potentially explained by the fact that there seems to be a developmental shift in KOR-mediated effects in which KOR activation is appetitive in young, pre-adolescent animals (Petrov et al., 2006) and aversive in mature animals (e.g., Shippenberg and Herz, 1986; Land et al., 2008; Berger et al., 2013) . Although not evaluated in the current study, intermittent alcohol vapor exposure does not appear to impact saccharin self-administration (O'Dell et al., 2004) and we have previously shown that within the extended amygdala, intra-CeA nor-BNI has no effect on saccharin self-administration (Kissler et al., 2014) .
It is possible that dysregulation of the KOR/DYN system, and as a result, escalated alcohol consumption, is in part related to altered GABAergic neurotransmitter signaling between the three brain regions comprising the extended amygdala (e.g., Roberto et al., 2004) . Neurons expressing dynorphin in the CeA send projections to the BNST (Marchant et al., 2007) and KOR activation in the BNST inhibits GABA transmission from the CeA (Li et al., 2012) . Dampened GABA transmission and increased KOR activation are inherent characteristics of anxiety disorders and in the BNST, KOR activation can disinhibit glutamatergic neurotransmission that has been shown to be important in alcohol dependence and withdrawal (Spanagel, 2009; Li et al., 2012) . More recent evidence has also shown that BNST KORs can presynaptically inhibit glutamatergic transmission originating in the BLA that contributes to an anxiogenic profile (Crowley et al., 2016) . Therefore, while the present data clearly indicate that intra-BNST KOR antagonism can ameliorate escalated alcohol self-administration during acute withdrawal, it is unknown whether the effect occurs via blockade of KORs located on local interneurons or KORs that modulate afferents to the BNST. Several observations also indicate that corticotrophin releasing factor (CRF) contributes to the development of alcohol dependence and there are established CRF/KOR interactions (e.g., Land et al., 2008; Valdez et al., 2007) . Upregulated CRF mRNA expression in nuclei of the extended amygdala in msP alcohol-preferring rats that translated into increased CRF receptors and was shown to be important for msP rat alcohol self-administration, but not unselected rat line alcohol consumption (Hansson et al., 2006) and interestingly, the upregulated CRF mRNA expression in msP rats was attenuated following ad libitum access to alcohol in extended amygdala nuclei (Hansson et al., 2007) . Furthermore, CRF mRNA expression within the extended amygdala is upregulated in alcohol-dependent rats during withdrawal and increased CRF levels have been observed in the CeA and BNST during withdrawal from alcohol following the establishment of alcohol dependence (Funk et al., 2006; Olive et al., 2002; Roberto et al., 2010) . Further evidence shows that reinstatement of drug-seeking behavior via activation of KOR's is mediated by CRF and norepinephrine Fig. 8 . Intra-dorsolateral BNST KOR antagonism on physiological withdrawal and negative affective-like behavior. A trend towards a reduction in physiological withdrawal (Panel A) was observed following nor-BNI ( ‡ = p < 0.1) whereas nor-BNI significantly increased the number of air-puffs needed to elicit a 22-kHz USVs (Panel B; *** = p < 0.001) and decreased (* = p < 0.05) the number (Panel C) and duration (Panel D) of 22-kHz USV's when comparing aCSF (n = 5) and 8 μg nor-BNI (n = 6).
signaling in the CeA and BNST (Shaham et al., 2003; Shalev et al., 2002) . Given that nor-BNI reduced alcohol consumption exclusively in vapor exposed animals, the current results support the hypothesis that enhanced KOR signaling within the BNST of dependent animals drives escalated alcohol consumption.
There are certain properties of nor-BNI that should be mentioned in relation to pretreatment times and the specificity of nor-BNI for the KOR immediately following administration. Evidence from mice tested in nociceptive assays has suggested that nor-BNI has mild affinity for the MOR immediately after administration that appears to last at least 2 h (Broadbear et al., 1994) . Because of this, some researchers posit the use of extended pretreatment durations (e.g., 24-hrs). However, the transient MOR affinity of nor-BNI that has been observed in mice has not been replicated using rats (Picker et al., 1996) . Furthermore, our own studies in male Wistar rats have confirmed that there are no observed differences in the effects of nor-BNI when administered immediately (i.e., 5-min), or 24 h, prior to alcohol self-administration sessions in non-dependent and alcohol-dependent rats (Walker and Koob, 2008; Walker et al., 2011; Nealey et al., 2011; Kissler et al., 2014; Kissler and Walker, 2016) . Most importantly, if nor-BNI did have MOR affinity that is functionally relevant when assessing motivational circuitry and behaviors, then one would predict that non-dependent alcohol self-administration should also be impacted as we have previously shown using antagonists with a specific MOR mechanism of action Kissler et al., 2014) , an effect that was not observed in the present experiment. Thus, under the conditions used in the present study, there were no behavioral indications of an initial MOR mechanism of action for the KOR antagonist nor-BNI when administered immediately prior to testing.
Given the proposed role of the BNST in withdrawal and dependence (Aston-Jones et al., 1999; Kash and Winder, 2006) , there is a potential for either negative affective states or physiological withdrawal to contribute to excessive alcohol consumption during acute withdrawal. In rodents, withdrawal from alcohol is marked by aversive physiological symptoms as well as motivational, affective, and cognitive deficits (Williams et al., 2012) . In addition to physiological withdrawal assessment, withdrawal-induced negative affect was confirmed in animals displaying escalated self-administration during acute withdrawal by measurement of 22-kHz USVs following intra-BNST aCSF or nor-BNI infusions. Rat 22-kHz ultrasonic vocalizations (USVs) provide a noninvasive means of characterizing affective states in rat models of drug dependence, with 22-kHz calls emitted during aversive states such as withdrawal from alcohol and opiates (Williams et al., 2012) . Following two weeks of alcohol vapor exposure, intracerebroventricular nor-BNI has been shown to dose-dependently ameliorate the production of 22-kHz USVs indicative of negative affect (Berger et al., 2013) and 22-kHz USVs are increased in animals that have upregulated DYN A-like immunoreactivity and increased KOR function in the CeA (Kissler et al., 2014) .
In the present study, acute administration of nor-BNI produced no significant change in EPM percent open arm time, open-or closed-arm entries, distance traveled or physiological symptoms of withdrawal. Although a lack of nor-BNI effect on percent open-arm time was unexpected given the role of the BNST in anxiety-like behavior, it has been noted that certain compounds common to treating anxiety and negative affect do not always lead to stable anxiolytic effects (Carobrez and Bertoglio, 2005) . In a recent study evaluating the role of KORs in BLA to BNST circuitry, it was shown that genetic ablation of KORs in amygdalar neurons projecting to the BNST produced an increase in open arm time in the EPM (Crowley et al., 2016) , which is inconsistent with the present results. Numerous factors could contribute to this disparity, such as species differences, neuroanatomical specificity of genetic vs pharmacological manipulations, as well as the presence of alcohol dependence. In the present study, the percent open arm time displayed by the alcohol vapor-exposed animals during acute withdrawal was comparable to levels we have previously reported (Williams et al., 2012) .
The fact that nor-BNI produced no change in open-or closed-arm entries, as well as no change in distance traveled supports that nor-BNI attenuation of dependence-induced behaviors (i.e., escalated alcohol self-administration and 22-kHz USVs) is not confounded by locomotor effects. However, after infusion of an intra-BNST dose of nor-BNI, there was a significant increase in the number of air puffs needed to elicit 22-kHz USVs and a significant reduction in the number and duration of 22-kHz USVs produced during acute withdrawal in dependent animals. Therefore, the present data suggest that measurement of 22-kHz USVs may be a more sensitive index of negative affective-like behavior than other tests such as the EPM; a concept that was previously shown by an earlier formation of withdrawal-induced increases in 22-kHZ USVs compared to reduced open-arm time in the EPM following different lengths of alcohol vapor exposure to induce dependence (Williams et al., 2012) . In the present experiment, we included an additional parameter to those previously utilized by our laboratory, namely number of air-puffs required to elicit a 22-kHz vocalization. This additional measure appeared to be a more sensitive metric for USV assessment than either USV number or duration and should contribute the assessment of negative affective-like behavior in future studies. These data show that in the BNST there is a dysregulation of the DYN/KOR system that promotes maladaptive behavioral regulation that can be rescued by KOR antagonist treatment. It is important to note that due to nor-BNI's long duration of action, some might consider it to be unsuitable for clinical development, but more recently-developed shortacting antagonists need to be site-specifically evaluated in pre-clinical dependence models as they have been in AUD models (Domi et al., 2018) .
The present data suggest that in the BNST, KOR antagonist efficacy for reducing escalated self-administration primarily stems from KOR antagonist effects on negative affective-like behavior and less so on aversive physiological withdrawal as evidenced by the nor-BNI-induced increase in the number of air-puffs required to elicit 22-kHZ USVs concomitant with reductions in escalated alcohol self-administration in vapor-exposed animals that did not reliably alter physiological withdrawal symptoms (although there was a trend towards a reduction). This dissociation between nor-BNIs efficacy for altering self-administration and physiological withdrawal has been reported previously in the CeA (Kissler and Walker, 2016) , although in this particular situation, there was a trend towards a reduction of physiological withdrawal that could be evaluated in future experiments. Nor-BNI has shown efficacy in reducing physiological withdrawal signs following nicotine withdrawal (Tejeda et al., 2012) . However, withdrawal signs in animals treated with nicotine and alcohol could be different as nicotine has stimulant affects. Additionally, the dose of nor-BNI that blocked spontaneous withdrawal signs was administered subcutaneously, versus sitespecifically in the present study, and peripherally-administered nor-BNI could have impacted spinal KORs to produce an antinociceptive effect. KOR's are widely expressed across the central nervous system as well as peripheral tissues and peripheral KOR antagonist actions could have contributed to a reduction in physiological withdrawal behavior and a possible explanation as to why an intra-BNST infusion only showed a trend towards reducing physiological symptoms of withdrawal. Nonetheless, the present data are consistent with a dissociation between physiological withdrawal and escalated alcohol self-administration in the extended amygdala that has also been observed in the CeA (Kissler and Walker, 2016) . Studies have confirmed that after most acute physiological symptoms of alcohol dependence have subsided, the psychological discomfort of anxiety and depression experienced during abstinence plays a more important role in relapse and continued excessive alcohol use (Koob, 2003; Driessen et al., 2001 ). The present data indicate that during the earliest phases of acute withdrawal, KOR antagonist mediation of maladaptive behavioral regulation is primarily within a negative affective domain. Given that the current study focused on the acute withdrawal phase of alcohol dependence, an important topic for future research is whether BNST KOR dysregulation persists into protracted abstinence, as has been initially reported in the CeA (Kissler and Walker, 2016) , through systematic evaluations of the temporal characteristics of KOR-mediated neurobiological and behavioral dysregulation.
Previous studies investigating the role of DYN/KOR's in alcohol dependence have primarily focused on the CeA and AcbSh, the present data reveals an important role of dorsolateral BNST dysregulation in acute withdrawal following dependence. More recent studies have also begun to highlight the BNST KOR system as contributing to an amygdalar anxiety circuit and reinstatement of alcohol seeking (Crowley et al., 2016; Le et al., 2017) , but given the differential nature of the dorsal vs ventral BNST (e.g., Crestani et al., 2013) further research is still needed to elucidate the relative contributions of dorsal vs ventral BNST KORs in alcohol dependence-induced symptoms.
Conclusions
In the current study, Oprk1 mRNA expression was upregulated in the BNST of alcohol self-administering animals once alcohol dependent and in acute withdrawal. Furthermore, intra-dorsolateral BNST KOR antagonism attenuated escalated alcohol self-administration during acute withdrawal that was concomitant with KOR antagonist-induced amelioration of withdrawal-induced 22-kHz USVs. These data highlight KOR/DYN system dysregulation in the BNST as a driver of motivational and affective deficits in alcohol dependence. These findings supply evidence for the therapeutic potential of targeting the KOR through pharmacological and emerging gene therapies to assist individuals suffering from AUD's.
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